Abstract: Aim: The aim of the study was to examine possible neurotoxic effects on the central nervous system (CNS) in relation to a chronic solvent exposure at the workplace. Method: The collective included 127 workers exposed to solvent mixtures, such as spray painters and printers. They were examined twice by means of a physical examination, neuropsychological testbattery, biological and air monitoring. Results: Major component of the solvents were white spirits in concentrations up to 127 ppm in air and 2,666 µg/l in blood. Single substances were mainly toluene and xylenes in concentrations below current threshold values at the workplace. During the 2 yr interval, the concentrations of solvents decreased, and no significant associations between the neuropsychological tests and the solvent exposure were found. Regarding the whole working history of each participant, we found a significant reduction on information processing velocity and performance in the trailmaking test, as well as more complaints of workers with higher solvent exposure in the past. Conclusions: A slight increase of subjective complaints and a deteriorated power of concentration seems to be associated with chronic solvent exposure.
Introduction
Numerous, mostly cross-sectional studies demonstrated that exposure to organic solvents and solvent mixtures at the workplace may be associated with various symptoms and dysfunctions of the central nervous system (CNS), such as concentration and memory (for reviews see [1] [2] [3] [4] ). A working group of the WHO recommended follow-up studies 5) . However only a few follow-up descriptions of neuropsychological effects exist in this field. In three studies patients with previously diagnosed chronic solvent intoxications were examined [6] [7] [8] . Williamson and Winder investigated workers at the beginning of their work with solvents and again after one and two years 9) . White et al. examined workers during the shift and again after one year 10) . Finally Nilson et al. performed an 18 yr follow up of formerly exposed floor layers 11) . The results of these studies indicate that the prognosis of CNS-impairment depends on the length and intensity of exposure to the solvents and elapse of time since cessation of exposure.
The aim of this study is to examine possible neuropsychological effects of a chronic exposure to mixtures of organic solvents and the changes within a two year interval on workers at various workplaces.
Materials and Methods

Subjects
The selection process started with randomly chosen companies out of the branch telephone book. The only criteria was the assumption, that during the working process solvent containing products were used. We contacted 384 companies in the south-western part of Germany. Fifty seven mainly small painting and printing shops up to 10 employees took part in the investigation. Informed consent was obtained from each subject and the ethic committee of the university hospital of Heidelberg approved the study.
Each participant was examined twice. During the first investigation (E1) 225 men were investigated on Mondays at the beginning of the shift. Two years later (E2) 160 employees (71%) could be re-examined also on Monday mornings. There was an exposure free interval of two days before examination.
With respect to the aims of the study, confounding factors had to be considered. Data of noise, heavy burden and neurotoxic exposures were collected. Twenty seven persons who had an increased alcohol consume (anamnestic reporteds more than 600 g/wk), one with a relevant medication and one with a neuropsychiatric disease were excluded. Also language problems of workers with foreign mother tongues led to the exclusion of further 4 workers.
A total of 127 male workers were included in the statistical analysis.
Neuropsychological examination
The chronological order of the examinations in the company was as follows.
Begin of shift:
• Standardized interview on medical and occupational history • Physical examination (especially the neurologic status) • Neuropsychological testbattery (ANES) During shift:
• Personal air monitoring • Visit of the workplace End of shift:
• Exposure assessment of the working day • Blood sample to perform biological monitoring These examinations (E1) were repeated after 2 yr (E2). The ANES test battery (ArbeitsmedizinischNeurotoxisches Evaluierungs-System) is a compilation of mostly German neuropsychological tests and questionnaires. It is designed to detect early effects of neurotoxic agents. As the available time in the companies was limited, short tests were preferred. The ANES includes the following standardized and validated questionnaires and tests 12) . Reference values are described in the corresponding literature.
-The multiple choice "Wortschatztest" (MWT) tests the vocabulary as a measure of the premorbid intelligence 13) . -In the Trail Making Test the participants have to draw lines between numbers (TMT-A) and numbers and letters (TMT-B) as fast as possible. It requires visual scanning, visual-motor speed, coordination and visualspatial ability 14) . -The KAI is a test which measures the fluid intelligence 15) . Participants have to read letters (information processing) and reproduce series of numbers and letters (short term memory capacity).
-Simple and choice reaction times are quantified with the Vienna Testsystem (VT) 16 ) . -Three questionnaires are used: Zerssen questionnaire (BL) 17) for general health symptoms and two specific neurotoxic questionnaires on health symptoms: the short Q18 18, 19) and the more detailed PNF 20) . We performed the MWT-B only at first examination, as it measures the pre-exposure (premorbid) intelligence level. After the experiences of the first examination period the testbattery was revised. Therefore the TMT, Q18 and PNF were only administerd at the second examination. Table 1 lists the different working areas and the corresponding number of participants at the first and second examination.
Exposure
The majority of the participants were spray painters and printers. Even within these groups the exposure conditions differed noticeably. As some workers changed their jobs, there were more workers with "other jobs" in the second examination than in the first.
The external exposure to organic solvents was assessed by personal air sampling and subsequent analysis by gas chromatography with flame ionization detection (GC-FID). An ORSA 5 diffusion monitor was attached to the working clothes of each participant, usually to the collar or an upper pocket. Duration of sampling varied between 3 and 7 hours. The limit of detection for a single solvent was about 0.01 ppm. The applicability is limited to non-polar organic solvents. The internal exposure was estimated by biological monitoring. Organic solvents were measured in postshift b l o o d s a m p l e s b y h e a d s p a c e t e c h n i q u e a n d gaschromatography. All analytes were calibrated by using solvent spiked activated carbon or blood samples. In the case of the multi-component mixture white spirit, standardized test fuels in the boiling range between 80-190°C were introduced. All solvents were of best available analytical grade from Fluka, Germany. Table 2 demonstrates the results of frequently occurring solvents in air-and blood-samples in respect of the first (E1) and second (E2) investigation. The actual maximum concentrations in air (MAK) and the biological tolerance values (BAT) at the workplaces in Germany are also presented 21) . White spirits, which are complex mixtures of aliphatic hydrocarbons, make up most part of the internal solvent exposure. It is to point out, that at present there are no MAK and BAT-values available for white spirits. The concentrations of the single solvents in air and blood are below the current MAK-and BAT-values in Germany 21) . The solvent concentrations found at first investigation are on average almost double as high as in the second.
To assess the amount of chronic exposure we also asked the participants to describe the characteristics of their former job. Furthermore two examiners visited the participants at their workplace and estimated the amount of solvent exposure. This estimation was based on the amount of solvents used and the degree of application of personal protection. Besides, the type of activity (e.g. rolling, brushing, spraying) and the extent of skin-contact was noted.
Because of the complexity of the information, the participants were divided into three categories (low, medium, high) regarding chronic solvent exposure. The classification of each worker took into account several measures, such as anamnestic data, rating of the workplace, use of protection masks and possible anomalies during the examination day.
Another basis for decision-making was the results of airand biological monitoring. As a point of reference, we used the upper and lower quartiles. In general the "medium" exposure group showed in E1 concentrations of white spirit levels between 3 and 15 ppm in air and between 800 and 1,200 µg/l in blood. The two remaining groups had either lower or higher concentrations respectively.
• Low chronic solvent exposure: N=36 • Medium chronic solvent exposure: N=55 • High chronic solvent exposure: N=36 Table 3 presents characteristics of work and the preexposure intelligence level (MWT-B) of the participants.
There are no significant differences in age, duration of work and pre-exposure intelligence. The reported alcohol consumption of the participants varies considerably. The increase through the chronic solvent exposure is not significant.
The exposure groups reveal similar levels of spray painters. There are more painters in the group with medium and high chronic exposure than in workers with 'low' exposure. Exposure to noise, heavy workloads or other neurotoxic agents was similar in all exposure groups, but did not occur in relevant values anyway.
The aim was to examine possible changes within the two year period (TYP) of this study. Compared to the chronic solvent exposure, this period could be categorised more accurately. Therefore each subject was assigned (according to the procedure of the chronic exposure) to one of five The following demonstrates the classification procedure: Workers are classified as TYP1 if they reveal blood concentrations of white spirit below 400 µg/l, and are in contact with solvents only a few hours per week.
The rating TYP2 corresponds to low concentrations of solvents in blood, but medium concentrations in air. These workers might wear respiratory masks and have contact to solvents for several hours per week.
Medium concentrations of solvents in air and blood describe a typical TYP3 worker.
As an example of TYP4, we recorded at the workplace of an employee high concentrations of solvents in air and medium concentrations in blood. He reported to have contact to solvents for several hours per day, but was wearing a respiratory mask most of the time.
Participants of TYP5 had high concentrations of solvents in air and blood and did not use their respiratory masks regularly.
Statistics
The statistical analysis is performed with SPSS 11.0 statistical software. Depending on the distribution of the data we use mean, standard deviation, median or range in the descriptive statistical analysis. In order to quantify the changes of the results over time we subtract the results of the first examination from the results of the second.
We used the t-test for comparisons between two groups without any covariate. Differences between the groups are examined by analyses of variance with the covariates age, alcohol consumption and pre-exposure intelligence.
To check for associations between variables we apply multiple linear regression analyses considering the same covariates. In these calculations the concentrations of solvents in blood are transformed into logarithm to approximate the normal distribution.
Results of the statistical analysis are described as significant if p≤0.05.
Results
The physical examination of the workers did not reveal clinical signs of polyneuropathy or encephalopathy and no abnormal findings regarding motor and sensory functions.
In Table 4 the results of the neuropsychological examinations and of the paired t-tests are presented.
Compared to the published reference values, the workers show better results in the information processing velocity 15) .
The mean values of the trail making test are in the normal range 14) . The participants report more complaints in the questionnaires compared to the average population 17, 19, 20) . The mean values of fluid intelligence (KAI-IQ) is higher in the second examination due to a better information processing velocity and digit memory. Simple reaction time is longer in the second examination. Choice reaction time and complaints do not change significantly.
The results of neuropsychological tests in groups of workers with different chronic exposure are shown in Table  5 . Also the results of the analysis of variance, including the covariates age, pre-exposure intelligence and alcohol consumption, are given. The first examination showed that the fluid intelligence (KAI-IQ) is significantly lower in the group with the highest chronic exposure. In both examinations the information processing velocity is faster in the low exposed group than in the group with high exposure.
Corresponding to an increase of chronic exposure the results of the trailmaking test A and B worsen. This trend is significant only for the trailmaking test A.
Furthermore in the second examination the scores of the complaint questionnaires (PNF, Q18 and B-L) as well as the choice reaction time increase with higher exposure.
However, these results are not significant. The simple reaction time and the B-L at the first examination show no association with the intensity of solvent exposure. Table 6 presents the differences between the neuropsychological test results of the first and second examination.
There are no significant associations between the amount of the solvent exposure and the differences of the neuropsychological test results between first and second examination. 
Discussion
The main findings of the study are statistical significant associations between the results of cognitive tests and the estimated amount of chronic solvent exposure. Within the follow-up period no such associations could be found.
It must be stated, that according to reference values the absolute differences in the neuropsychological test results between the different exposure groups are minor and have no meaning with respect to clinical occupational medicine 22, 23) . According to the workers anamnesis the solvent-exposure in the past was probably higher than nowadays. As in most other studies, there are no exposure data available from the past. A precise measure of the level of chronic exposure to solvents is therefore not possible. Nevertheless we think that the given subjective and objective information, such as occupational history, duration of work, assessment of the workplace, air-and blood monitoring results, lead to a reasonable classification of three chronic exposure groups.
The fluid intelligence, measured by digit span and information processing velocity, shows a decrease in higher chronic solvent-exposure which is statistically significant. This result confirms the outcome of other studies which also used the German KAI test. Nasterlack et al. reported worse results in "high exposed" in comparison to "not high exposed" painters (p<0.10) 24) . Triebig et al. found a lower fluid intelligence in spray painters and painters compared to the corresponding controls, but the differences were not significant 18, 25) . In order to compare our results with other study groups we regard only the digit span test, as one part of the KAI. Spurgeon (2001) performed a review about studies to investigate neurotoxic effects of occupational exposure to mixtures of organic solvents 4) . The author counted that 13 out of 21 studies showed significant solvent related effects in digit span tests. Similar to our results studies have shown worse performances in chronic solvent exposed workers than in controls, but the differences were not significant [26] [27] [28] . Also in this study, workers with high exposure show the worst results in digit span, but the differences in comparison to the other subgroups are not significant. One reason for this failure might be, that the solvent exposure was not high enough or the sample size was too small for slight effects.
There are positive associations between chronic exposure and the trailmaking test (TMT) results. This indicates reduced attention and visomotoric ability. Bolla et al. 29) also reported significant effects concerning the TMT in workers of a paint factory, whereas Lundberg et al. 27) did not find significant differences in painters. Spurgeon counted 4 out of 6 studies showing significant solvent related effects concerning the TMT 4 . The mean simple reaction time was longer in the second examination than in the first. However, no significant associations between the measures of chronic exposure and the results of reaction times are found. Spurgeon pointed out, that the majority of studies (15 out of 24) also failed to verify this association 4) . If solvent exposure influences reaction time, these effects seem to be even slighter than those on the memory and concentration measures.
Concerning the questionnaire Q18 we do not find significant effects, but the workers with low exposure show less complaints than the medium and high exposed groups. This effect was significant in another study of our working group in comparison of solvent exposed persons to bricklayers 24) . Ihrig et al. reviewed 21 studies using the English version (Q16) of the questionnaire 19) . In 15 (71%) there were significant associations between the solvent exposure and the result of the Q16. The reason why the differences in the Q18 are not significant in the present study might be explained by the relatively low solvent exposure.
Böckelmann et al. studied 84 solvent exposed car painters. They found significantly more complaints in the questionnaire PNF in exposed workers than in controls 30) . We also found more complaints in high exposed workers than in persons with low exposure, but this association was not significant. The missing significance in our result can be explained by the lower solvent exposure. The means of ambient air monitoring data in the study of Böckelmann et al. were about double as high as in our study (Table 4 ). Furthermore differences of effects between exposed persons and controls are larger than between high and low exposed workers.
During the two year period most test results improved. This is probably due to either learning effects or to the fact, that at the second examination the participants knew what to expect and could therefore concentrate more on the tests. Nevertheless a possible solvent-related effect has to be discussed. In the first examination higher solvent exposure, objectified by air and blood concentration, is associated with worse test results. In the second examination lower exposure comes along with better test results. Apart from this coincidence no significant associations between the level of the 2-year-exposure and the changes of the test results can be found.
At this point we want to discuss some aspects of the study design. In the 'Criteria for the qualitative evaluation of human neurobehavioural studies of neurotoxicity', a key document of the European Commission, follow-up studies and investigations of dose-effects are preferred in comparison to cross-sectional studies with exposed subjects and controls 31) . Therefore we decided not to include a control group, but instead to examine more exposed subjects. This procedure had the advantage, that we avoided the difficulty of finding appropriate controls. Instead we examined comparable workers and differed between the high and low exposed.
In comparison to cross-sectional studies, follow-up studies have several advantages. Longitudinal studies allow a better description of the exposure and a more valid detection or exclusion of neurotoxic effects.
Despite this recommendations there is to our knowledge only one comparable follow-up study investigating neurotoxic effects in solvent exposed workers. Williamson and Winder examined 50 spray painters also with a low level solvent exposure ("most below 25% of a recommended composite exposure standard of 100%"). The authors reported no significant changes in neurobehavioral functions after a 2-yr interval 9) . An important shortcoming of any longitudinal study may be the occurrence of dropouts. In comparison to the two formally mentioned follow-up studies, with dropouts of 55% after 2 yr and 19% after 18 yr respectively, the dropout in this study (30%) is acceptable 9, 11) . Within the two year period, 50 workers left their workplace. Main reasons behind that were dismissals or relocations. To our knowledge, there was only one participant who left the workplace because of an illness (postural deformity). There was no indication, that an occurrence of a disease associated with the solvent exposure was a reason for leaving the workplace. A comparison between the exposure-data of workers who left their job and those who remained does not show any differences.
We can not exclude a "healthy worker effect", however this seems unlikely. This effect would rather lead to an underestimation of solvent induced effects than to an overestimation 32, 33) . In summary this study shows, that minor neurotoxic effects of solvent exposure mainly result from higher exposures in the past. Currently the exposure conditions have changed for the better and in general do not seem to cause neuropsychological dysfunctions.
Conclusions
1. A slight increase of subjective complaints and deteriorated power of concentration is associated with higher chronic solvent exposure. 2. T h e r e a r e n o h i n t s f o r s o l v e n t a s s o c i a t e d neuropsychological dysfunctions in workers during the study period under the exposure conditions described.
